The injection of carbon dioxide (CO 2 ) in deep, unmineable coalbeds can enhance the recovery of coalbed methane (CBM) and at the same time it is a very attractive option for geologic CO 2 storage as CO 2 is strongly adsorbed onto the coal.
Introduction
The injection of carbon dioxide (CO 2 ), a greenhouse gas (GHG), in coalbeds is probably one of the more attractive options of all underground CO 2 storage possibilities: the CO 2 is stored and at the same time the recovery of coalbed methane (CBM) is enhanced. 1 The revenue of methane (CH 4 ) production can offset the expenditures of the storage operation. 2, 3 Coalbeds are characterized by their dual porosity: they contain both primary (micropore and mesopore) and secondary (macropore and natural fracture) porosity systems. The primary porosity system contains the vast majority of the gas-in-place volume while the secondary porosity system provides the conduit for mass transfer to the wellbore. Primary porosity gas storage is dominated by adsorption. The primary porosity system is relatively impermeable due to the small pore size. Mass transfer for each gas molecular species is dominated by diffusion that is driven by the concentration gradient. Flow through the secondary porosity system is dominated by Darcy flow that relates flow rate to permeability and pressure gradient.
The conventional primary CBM recovery process begins with a production well that is often stimulated by hydraulic fracturing to connect the wellbore to the coal natural fracture system via an induced fracture. When the pressure in the well is reduced by opening the well on the surface or by pumping water from the well, the pressure in the induced fracture is reduced which in turn reduces the pressure in the coal natural fracture system. Gas and water begin moving through the natural and induced fractures in the direction of decreasing pressure. When the natural fracture system pressure drops, gas molecules desorb from the primary-secondary porosity interface and are released into the secondary porosity system. As a result, the adsorbed gas concentration in the primary porosity system near the natural fractures is reduced. This reduction creates a concentration gradient that results in mass transfer by diffusion through the micro and mesoporosity. Adsorbed gas continues to be released as the pressure is reduced.
When CO 2 (which is more strongly adsorbable than CH 4 ) is injected into the coal natural fracture system during the ECBM recovery process, it is preferentially adsorbed into the primary porosity system. Upon adsorption, the CO 2 drives CH 4 from the primary porosity into the secondary porosity system. The secondary porosity pressure is increased due to CO 2 injection and the CH 4 flows to production wells. The CO 2 is stored in-situ and is not produced unless the injected gas front reaches the production wells. The process, in general, is terminated at CO 2 breakthrough. A full understanding of all the complex mechanisms involved in the enhanced coalbed methane recovery process with CO 2 injection (CO 2 -ECBM) is essential to have more confidence in the numerical modeling of the process.
The objective of this study of comparison of numerical simulators is to provide the incentive to improve existing CBM simulators for capability and performance assessment of the CO 2 -ECBM recovery process.
Decription of CBM Simulators
Existing commercial and research CBM simulators are developed, in general, to model primary CBM recovery process taken into account of many important features such as:
• dual porosity nature of coalbed;
• Darcy flow of gas and water (i.e., multiphase flow) in the natural fracture system in coal; • diffusion of a single gas component (i.e., pure gas) from the coal matrix to the natural fracture system; • adsorption/desorption of a single gas component (i.e., pure gas) at the coal surface; and • coal matrix shrinkage due to gas desorption.
However, Law et al. 4, 5 have suggested that in order for a CBM simulator to correctly model the more complicated mechanisms involved in the CO 2 -ECBM recovery process, it has to be improved, taking into account many additional features such as:
• coal matrix swelling due to CO 2 adsorption on the coal surface; • compaction/dilation of the natural fracture system due to stresses; • diffusion of multiple gas components (i.e., mixed gas) between the coal matrix and the natural fracture system; • adsorption/desorption of multiple gas components (i.e., mixed gas) at the coal surface; • non-isothermal adsorption due to difference in temperatures between the coalbed and the injected CO 2 ; and • water movement between the coal matrix and the natural fracture system. The numerical simulators, GEM and SIMED II, are compositional simulators with additional features for CBM modeling. Due to nature of these simulators, GEM and SIMED II are capable to handle multiple (i.e., 3 or more) gas components. On the other hand, the numerical simulators, ECLIPSE (CBM model) and COMET 2, are black oil simulators with additional features for CBM modeling and only capable to handle two gas components (e.g., CH 4 and CO 2 only). The newly developed COMET 3 by ARI can handle three gas components. This feature is essential in modeling ECBM recovery processes with flue gas (i.e., a mixture of CO 2 and nitrogen (N 2 )) injection.
The numerical simulator, GCOMP, is a compositional simulator converted to model the CBM recovery process based on the approach suggested by Seidle and Arri. 6 With the assumption that the diffusion of gases from the primary porosity system into the natural fracture system of the coal is instantaneous, a single porosity approach can be used instead of the dual porosity approach. This approach allows many conventional oil and gas compositional simulators to model CBM recovery processes.
A summary of the CBM features, which some have been in existence for several years and others are recently developed, in the five aforementioned simulators is given in Table 1 . Although dual porosity approach can be used in GCOMP, single porosity approach is recommended by BP for CBM modeling. Therefore, GCOMP is incapable to handle mixed gas diffusion in this case. On the other hand, ECLIPSE does not incorpate the extended Langmuir isotherm theory 7, 8 in the CBM model. However, it has a feature (i.e., relative adsorption for each gas component) to allow the simulator to take into account the "non-ideal" adsorption behaviour of a two-gas mixture.
Approach
The approach used in this comparison study, in general, follows those used by a series of SPE comparison studies. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The authors organize and manage the simulator comparison study; facilitate the development and selection of appropriate test problems; distribute them to identified software developers with commercial CBM simulators and other interested groups of scientists and engineers who want to participate in this exercise; and solicit, collect, reconcile, and document solutions.
Development and selection of sample test problems is made on the basis of major mechanisms expected to occur in the CO 2 -ECBM recovery process, taking into account the existing simulation capabilities and future needs. The test problems do not necessary represent real field situations. The initial two sets of test problems emphasize the comparison of the performance of CBM simulators, which may only have the features to model the primary CBM recovery process. At a later stage, two more sets of test problems will be developed that address more complicated process mechanisms. At this stage, improvement on some of the existing CBM simulators by incorporating the additional features for CO 2 -ECBM recovery process is necessary. Finally, performance of CBM simulators will be compared for their capability to history match field test data collected by the ARC through performing "micro-pilot tests" 19 by CO 2 injection into coal seams in Alberta, Canada.
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The first two sets of test problems have been assembled, which are intended to initiate the study. ARC and TNO have been working very closely with various software developers to compare their CBM simulators and identify/recommend areas of improvement. In fact, most of the numerical runs using GEM, ECLIPSE, SIMED II and GCOMP in this comparison study are conducted in ARC and TNO with the help of the software developers to ensure that the final results are the best representatives of their simulators. Alternatively, participants such as ARI chose to model and study the test problems using their own CBM simulator, COMET 2, with frequent communication with ARC.
Descriptions of Test Problem Sets
The first problem set deals with a single well test (i.e., "micropilot test") with pure CO 2 injection (see Figure 1 ) and the second problem set deals with CO 2 -ECBM recovery process in an inverted five-spot pattern (see Figure 2 ). These two problem sets compare the basic features of the CBM simulators, which allow most simulators to participate in this stage of the study.
• Darcy flow of gas and water in the natural fracture system in coal; • adsorption/desorption of two different gas components (i.e., CH 4 + CO 2 ) at the coal surface; • instantaneously gas flow (i.e., diffusion) between the coal matrix and the natural fracture system; • no coal matrix shrinkage/swelling due to gas desorption/adsorption; • no compaction/dilation of natural fracture system due to stresses; and • no non-isothermal adsorption due to difference in temperatures between the coalbed and the injected CO 2 .
A complete description of the two problem sets as offered to the participants is given in Appendixes A, B and C. The coalbed characteristics are the same for both problem sets.
Results
All participants are asked to provide the initial gas-in-place (IGIP) (i.e., the adsorbed and the free gas amounts of CH 4 in the coalbed) in their simulation as the first screen of errors in input entry. A list of the initial gas-in-place for both problem sets 1 and 2 for the five CBM simulators is given in Table 2 . Since the coalbeds considered in the simulation for problem sets 1 and 2 are 160 acres and ¼ of 2.5 acres, respectively, the IGIP for problem set 1 is 256 times that for problem set 2. It is found that there is good agreement within a few percent error between different simulators. All participants are also asked to ensure their simulations mimick instantaneously gas diffusion between the coal matrix and the natural fracture system for the test problems in this study. Furthermore, five-point diffenering scheme is recommended for the 5-spot pattern simulation in problem set 2, mainly because the more complex nine-point differencing scheme cannot be handled by the dual porosity approach used in some CBM simulators.
Problem Set 1. Figure 3 shows a comparison of well bottomhole pressure as a function of time indicating the four operating stages of the single well test: (1) CO 2 injection stage; (2) pressure falloff stage; (3) gas production stage; and (4) pressure buildup stage. Figures 4 and 5 show comparisons of CH 4 /CO 2 production rates and production gas compositions for CH 4 /CO 2 as functions of time, respectively. During the gas production stage, the injected CO 2 near the well is produced first with high rate. But CO 2 production rate declines rapidly as CO 2 around the well is depleted which corresponds to the decline of the production CO 2 composition. On the other hand, CH 4 production rate remains rather constant throughout the gas production stage. Figure 6 shows comparisons of CH 4 production rates for the primary CBM and CO 2 -ECBM recovery processes as functions of time indicating the enhancement of CH 4 production due to CO 2 injection. In general, the enhancement of CH 4 production remains until CO 2 breakthough occurs at the producer after approximately 60 days. It is appropriate to mention that due to the presence of an initial gas saturation of 0.408, the typical "negative decline" in CH 4 production rate in primary CBM recovery process due to "pumped-off" of water is not observed in this case. Figures 7 and 8 show comparisons of injection bottomhole pressure and CO 2 /total gas production rates as functions of time, respectively. It is found that all simulators predict an initial decline of total gas production rate (i.e., mainly CH 4 production rate) at the beginning of CO 2 injection. This period of declined gas production rate is short (i.e., 2 to 3 days) and mainly due to relative permeability effects. Shortly after CO 2 injection, mobile water in the coalbed is displaced towards the producer that redcues the gas relative permeability around the producer. After majority of the mobile water is produced, the gas relative permeability around the producer increases which corresponds to the increase in CH 4 production rate. The CH 4 production rate reaches a maximum value after approximately 8 days. Under the condition of constant CO 2 injection rate, injection bottom-hole pressure declines initially as mobile water is being displaced around the injector and gas injectivity increases. After the decline, the injection bottom-hole remains rather constant until CO 2 breaks through at the producer after approximately 60 days, then the injection pressure gradually increases. It is because after CO 2 breakthrough, the injected CO 2 channels through towards the producer with only very little being adsorbed at the coal surface (i.e., acting as a weakly adsorbable gas). In general, under the condition of constant injection rate, injection pressure for a weakly adsorbable gas (e.g., N 2 ) is higher than that for a strongly adsorbable gas (e.g., CO 2 ). Figure 9 shows a comparison of production gas compositions for CH 4 /CO 2 as a function of time. After CO 2 breakthrough occurs at the producer after approximately 60 days production, CH 4 composition decreases sharply as the production rate of CO 2 increases. This indicates great sweep efficiency in the 5-spot pattern for CO 2 injection, as there is little CH 4 left to produce. Figure 10 shows a comparison of CO 2 distribution as the CO 2 mole fraction in the gas phase in the natural fracture system after 30, 60 and 90 days. This information is not provided by GCOMP. The contour plots represent a ¼ of the 5-spot pattern with injector located at the upper left-hand corner and the producer located at the lower right-hand corner. The CO 2 distribution confirms the good sweep efficiency with CO 2 injection.
Problem Set 2.
All well data presented are on a full-well basis and pattern results are for the full 5-spot pattern consisting of four onequarter producers and one full injector (see Figure 2) .
Discussions
In general, there is very good agreement between the results from the different CBM simulators. The differences between the predictions from different simulators may result for a variety of reasons:
• possible different initialization procedure (e.g, initial gasin-place); • possible different dual porosity approach in the simulators;
• handling of wells (e.g., ¼ well in 5-spot pattern);
• tolerance on the convergence of iterations; and • selection of numerical control parameters.
One may anticipate good agreement between the results from different simulators due to the simplicity of the two problem sets. While good agreement does not ensure validity of any of the results, however, a lack of agreement does give cause for some concern for the capability of the simulators to handle not only the primary CBM recovery process but also the more complex ECBM recovery processes. Based on the results of this comparison study, the authors believe that confidence has been established for all participated simulators. The first two simple problem sets can serve as baseline for different CBM simulators when they participate in the comparison of more complex test problems in the later stage of this study.
Proposed Test Problem Sets
Comparison study on more complex test problems is ongoing.
Problem Set 3. Problem set 3 is an enhancement of problem set 2 by taking into account the effect of gas desorption time (or gas diffusion rate) between the coal matrix and the natural fracture system. In order to participate, it is necessary for the CBM simulator to have the additional features of: (1) dual porosity approach; and (2) mixed gas diffusion.
Problem Set 4.
Problem set 4 is an enhancement of problem set 2 by taking into account the effect of permeability and porosity changes under stress according to the Palmer and Mansoori theory. 21 In order to participate, it is necessary for the CBM simulator to have the additional features of: (1) stress dependent permeability and porosity; and (2) coal shrinkage.
Problem Set 5. Problem set 5 is history matching of field test data provided by the ARC. The authors believed that in order to successfully history match the field data, it is necessary for the CBM simulator to have the additional features of: (1) dual porosity approach; (2) mixed gas diffusion; (3) stress dependent permeability and porosity; and (4) coal shrinkage/swelling. It will be a good opportunity to identify the areas needing improvement and validate the CBM simulator. 
Appendix A -Coalbed Characteristics
The problem sets have as many common features as possible (e.g., coalbed characteristics, well radius, etc.). The dry, ash-free isotherm parameters shown in Table A 
Coalbed Properties

